Introduction
Granule cells (GCs) are small interneurons in the olfactory bulb that inhibit the bulbar principal neurons [mitral/tufted cells (M/ TCs)]. Synaptic processing by GCs is exotic from the perspective of conventional neurotransmission: lacking an axon, their large spines possess both presynaptic and postsynaptic machinery (Rall et al., 1966; Woolf et al., 1991a) . The reciprocal M/TC-GC synapse involves a microcircuit contained within the spine (Shepherd and Greer, 1998) : glutamate released from the M/TC triggers calcium influx into the spine, which leads to exocytosis of GABA back onto the same M/TC and thus M/TC "selfinhibition" Nicoll, 1980, 1982; Isaacson and Strowbridge, 1998) . M/TCs also laterally inhibit one another through GCs, requiring transmitter release at sites distal to the activated synapses. Whereas in axon-bearing neurons this function is served by Na ϩ -dependent action potentials (APs), selfinhibitory and lateral inhibitory M/TC interactions persist in vitro in the presence of TTX (Jahr and Nicoll, 1982; Isaacson and Strowbridge, 1998; Schoppa et al., 1998) or when somatic GC APs are prevented (Lagier et al., 2004) . GCs appear to rarely spike in vivo (Wellis and Scott, 1990; Cang and Isaacson, 2003; Margrie and Schaefer, 2003) . Thus, a substantial component of GC inhibitory output might occur in the subthreshold regimen (Rall et al., 1966) .
There is little direct physiological data on GC synaptic signaling. Both NMDA receptor (NMDA-R) and voltage-dependent calcium channel (VDCC)-mediated Ca 2ϩ entry have been implicated in self-inhibition based on recordings of M/TCs (Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Chen et al., 2000; Halabisky et al., 2000; Isaacson, 2001) . In our initial studies of GC calcium signaling, we observed spontaneous transients of unknown origin that were localized to spines (Egger et al., 2003) . Although NMDA-R-mediated Ca 2ϩ could account for local activation (Köster and Sakmann, 1998; Mainen et al., 1999a; Kovalchuk et al., 2000) , it is controversial whether NMDA-Rmediated Ca 2ϩ suffices to mediate self-inhibition (Schoppa et al., 1998; Chen et al., 2000; Isaacson, 2001) . Conversely, opening of the VDCCs (present in both GC spines and dendrites) (Egger et al., 2003) would require electrical compartmentalization of synaptic voltage transients by spines (Rall and Rinzel, 1973; Brown et al., 1988) . This interesting possibility would depend on more pronounced isolation than reported previously (Svoboda et al., 1996; Koch, 1999) . Do spines remain isolated when activated by synaptic input from M/TCs? What sources of Ca 2ϩ underlie dendrodendritically evoked spine transients?
Although it is known that lateral inhibition does not require TTX-sensitive Na ϩ channels, the physiology of subthreshold signaling in GCs remains speculative. It has been hypothesized that this signal could be restricted to a local dendritic region (Woolf et al., 1991b; Woolf and Greer, 1994; Isaacson and Strowbridge, 1998) . Such "dendritic subunits" have also been predicted based on compartmental models of other cell types (Koch et al., 1982; Shepherd and Brayton, 1987; Mel, 1993) and recently demonstrated in pyramidal cells (Polsky et al., 2004) . Can dendroden-dritic M/TC inputs generate regional subthreshold activation patterns in granule cells? What cellular mechanisms underlie subthreshold lateral inhibition?
Materials and Methods
Preparation, solutions, and instrumentation. In all experiments, we prepared sagittal olfactory bulb brain slices (thickness, 350 m) of juvenile Sprague Dawley rats (postnatal days 11-15). The preparation was performed in accordance with Cold Spring Harbor Laboratory guidelines for animal care. The intracellular solution contained the following (in mM): 130 K-methylsulfate, 10 HEPES, 4 MgCl 2 , 4 Na 2 ATP, 0.4 NaGTP, 10 Na-phosphocreatine, and 2 ascorbate, pH 7.2. For imaging, 100 M of the calcium-sensitive dye OGB-1 (Oregon Green 488 BAPTA-1) (Molecular Probes, Eugene, OR) was added. The extracellular artificial CSF (ACSF) was bubbled with carbogen and contained the following (in mM): 127 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 2.5 KCl, 1 MgCl 2 , and 2 CaCl 2 . The junction potential was Ϫ5 mV. Pharmacological agents used in some experiments were APV, thapsigargin (both from Tocris Cookson, Bristol, UK), and mibefradil (gift from Hoffman-La Roche, Basel, Switzerland). All experiments were performed at room temperature (21°C).
Neurons were visualized with infrared-differential interference contrast (DIC) optics. Two-photon excitation at 810 nm was provided by a Ti:sapphire solid-state laser system (Mira and Verdi; Coherent-AMT, Kitchener, Ontario, Canada). For a more detailed description of the custom-built two-photon microscope, see Mainen et al. (1999b) . Somatic whole-cell patch-clamp recordings were performed with an Axopatch 200B (Axon Instruments, Union City, CA). Pipette resistances were 4 -7 M⍀, and series resistances 10 -35 M⍀.
To generate M/T cell synaptic input onto GCs, a glass electrode filled with ACSF (R P of Ϸ1 M⍀) and connected to an Isoflex stimulator (A.M.P.I., Jerusalem, Israel) was placed into a glomerulus within the slice before patching. Next, the direction of M/TC apical dendrites was followed downward from the glomerulus into the slice, and a GC vertically below these M/TCs was patched and held in current-clamp mode (Fig.  1) . GCs that required Ͼ20 pA of holding current were rejected. In most of these GCs, a single pulse of stimulation resulted in a measurable EPSP or even an AP at higher stimulation intensity. Only GCs with considerable responses (EPSP amplitude Ͼ5 mV) were used for additional experiments. After a filling time of ϳ10 min, calcium transients were imaged in line-scan mode (temporal resolution, 2 ms) at different locations along the apical dendrite of GCs and within its spines (Figs. 2, 3 ). Each spine was tested with Ն10 stimuli at a frequency of 0.1 Hz for synaptic calcium responses. Often, paired stimuli (20 ms interval) were used to enhance the success rate during searching. In responsive spines, line scans were performed across spine and adjacent dendrite, again at 0.1 Hz. For comparison, responses to APs evoked by somatic current injection (sAP) were also measured. In most cases, no more spines were screened once a responsive spine was found, unless its responses were too rare or too small. There was no noticeable rundown of local synaptic calcium responses with time (average of 91 Ϯ 11% of baseline after 15 min; n ϭ 4 spines).
To test the mitral cell firing patterns evoked by our stimulus protocol, we patched and recorded from mitral cells after recording from a responsive GC nearby (Ͻ50 m), with unaltered placement of the stimulation electrode. At the stimulus intensities used to evoke GC signals in the imaging experiments (0.01-10 mA), mitral cell responses were similar to data reported by others. The average resting potential was Ϫ60 mV (n ϭ 8 mitral cells). At the maximal stimulation intensity (10 mA), we could elicit Na ϩ spikes in seven of eight mitral cells. From threshold up to the maximal stimulation intensity of 10 mA, mitral cells would respond with a single spike (Shepherd, 1963; Hamilton and Kauer, 1988) . Below threshold, mitral cells displayed lasting depolarizations, fairly independent of stimulus intensity (Chen and Shepherd, 1997; Schoppa and Westbrook, 1999) . The transition between subthreshold response and spike was usually more abrupt than for GCs, which is attributable to the more depolarized resting potential and possibly also to all-or-noneactivation of glomeruli (Schoppa and Westbrook, 1999; Wachowiak et al., 2004) .
The small size of granule cells promoted fast filling, but, perhaps also because of their size, cells usually deteriorated abruptly ϳ25-45 min after patching, precluding longer recording protocols such as drug washout. All investigated GCs were mature, i.e., bearing spines and capable of spiking (Petreanu and Alvarez-Buylla, 2002; Carleton et al., 2003) .
Data analysis. Imaging and electrophysiological data were recorded and analyzed with custom software based on Matlab (MathWorks, Natick, MA) (Scanimage) (Pologruto et al., 2003) and Igor (WaveMetrics, Lake Oswego, OR). To measure changes in calcium, fluorescence was collected while scanning in a line that intersected the region(s) of interest. Fluorescence F(t) was then averaged over the region(s) of interest. Baseline fluorescence F 0 was measured for 50 ms before the stimulus, and ⌬F/F was calculated as (⌬F/F )(t) ϭ (F(t) Ϫ F 0 )/F 0 . (⌬F/F ) sAP corresponds to the fluorescence transient evoked by stimulation with a single AP evoked by somatic current injection, whereas (⌬F/F ) syn reflects a Figure 1 . Glomerular stimulation allows for specific activation of M/TC inputs to GCs. A, Schematic and DIC video image of stimulation paradigm. To achieve stimulation of M/TC inputs, a stimulation electrode (stim) was placed into a glomerulus (note the faint ring of periglomerular cells in the video image). The direction of MC apical dendrites within the slice was then used to find the region in the MCL that would likely project to the glomerulus. A GC below this region was then patched (rec) and filled with calcium dye. B, Left, EPSPs in a GC recorded at the soma in response to increasing stimulation strength. Same voltage scale as on y-axis of the right panel. Black arrow, Stimulation artifact, clipped. Right, Input-output relationship for this GC. The gray arrow marks the stimulation strength that just saturates the response. This stimulation strength was then used during the course of experiment. "10 mA" corresponds to the maximal stimulation strength. C, Same as in B but for a GC that responded with action potentials at stronger synaptic stimulation. Same time scale as in B. The gray arrow marks the stimulation strength that was then used during the course of the experiment. transient evoked by synaptic inputs to a spine and (⌬F/F ) LTS reflects a low-threshold spike (LTS) signal evoked by sufficiently large synaptic inputs.
Additional data analysis, such as amplitude and failure analysis, was performed only for spines responding with a signal-to-noise ratio Ͼ2 (evaluated within windows of 10 points in individual traces), which held for the majority of spines. Because test stimuli were limited to 10 and putative responses with a low signal-to-noise ratio were excluded, the resulting failure rates represent a lower estimate.
Only averaged synaptic transients with small noise levels after slight smoothing (window of five points) were used for kinetic analysis. The decay of synaptic signals was determined in terms of their half-duration ( 1/2 ) rather than fitted with a single exponential (), because they often displayed an initial plateau phase.
For the evaluation of the voltage dependence of synaptic inputs, data [EPSP and (⌬F/F ) syn amplitudes and baseline fluorescences F 0 ] were normalized to their value at resting potential (Ϫ70 mV) before averaging across spines.
In all the spines that were used for the analysis of summation of global and local Ca 2ϩ signals, ⌬F/F amplitudes of the individual components and the summated signals were well below saturation levels.
To assess statistical significance levels, the nonparametric Wilcoxon's matched-pairs signed-ranks test was applied for comparing paired data sets, and averages Ϯ SD are given, unless stated otherwise.
Results

Using glomerular stimulation for synaptic activation
We studied synaptically evoked calcium signals at the level of individual spines using two-photon imaging in acute rat brain slices. To activate exclusively M/TC inputs, we stimulated M/TC dendritic tufts within a glomerulus. Stimulation of the glomerular layer has been used previously in olfactory bulb preparations to mimic sensory input and study M/TC input to GCs (Schoppa et al., 1998; Schoppa and Westbrook, 1999) . The stimulation of individual glomeruli allowed us to image M/TC-GC dendrodendritic synaptic input at the level of individual GC spines. Figure  1 shows the placement of stimulation electrode and recording pipette and characteristic EPSPs in a GC in response to increasing stimulation strength. The resting potential of GCs was approximately Ϫ70 mV (Egger et al., 2003) . To maximize the chance of finding an activated spine, stimulation intensity was adjusted to the level at which saturation of the EPSP began (Fig. 1 B) . Saturation was determined by the size of input that could be recruited given the placement of the stimulation electrode in a given experiment and therefore does not represent an intrinsic parameter of the GC (see Materials and Methods) . Under this condition, the average EPSP amplitude was 23 Ϯ 10 mV (Fig. 3E) , and 60 of 599 tested spines (found in 42 of 90 cells) were responsive to at least 1 of ϳ10 test stimuli. Most spines were located on GC apical dendrites in or above the mitral cell layer (MCL), in which reciprocal synapses are formed. The remainder (n ϭ 5) were located on the proximal apical dendrites below the MCL. Sodium APs could be elicited synaptically in 55% of GCs (Fig. 1C) ; in those cases, we used subthreshold stimulus amplitudes. All cells in the study responded with APs to short depolarizations at the soma (sAPs).
Local synaptic activation
Successful synaptic activation of a spine produced robust Ca 2ϩ transients ( Fig. 2 ) that occurred stochastically with an average failure rate of 47 Ϯ 28% (range, 5-90%; see Materials and Methods). Anatomical data imply a very low number of reciprocal synaptic contacts per connected M/TC-GC pair (one or two) (Woolf et al., 1991a) , and thus synaptic transmission between M/TCs and GCs is quite reliable on average. The actual reliability could be even higher because of failures of AP propagation in M/TC lateral dendrites in our experiment (Margrie et al., 2001; Xiong and Chen, 2002) .
Ca 2ϩ transients had a mean (⌬F/F ) syn amplitude in the spine of 40 Ϯ 21% (range, 15-130%; median, 55%; n ϭ 34 spines). These amplitude values were well below the ⌬F/F amplitudes achieved by trains of APs in GCs under similar conditions (Egger et al., 2003) and are therefore far from dye saturation for most spines. Synapses were found all over the GC dendrites (Fig. 2C) . The location of a spine and its (⌬F/F ) syn amplitude were uncorrelated (r ϭ 0.01). Synaptic calcium transients were strictly localized to the spine head, with little signal in the adjacent dendrite (3 Ϯ 4%) ( Fig. 2 B, E ). This localization of (⌬F/F ) syn to the spine appears stronger than in other excitatory neurons (see Discussion).
Whereas transients attributable to APs evoked by somatic current injections typically rose in Ͻ20 ms (15 Ϯ 7 ms in 87 dendritic locations; spines not significantly different), most synaptic transients in active spines rose slowly [mean rise time (⌬F/F ) syn , 84 Ϯ 28 ms; range, 40 -138 ms; n ϭ 22]. The half-duration 1/2 of (⌬F/F ) syn across spines was considerably more variable than the decay time constant of (⌬F/F ) sAP at the same sites and distributed in a bimodal manner, comprising a subset of very slow synaptic transients (Fig. 2 D) (see also Fig. 5B ). In most cases, 1/2 for synaptic and for sAP-evoked ⌬F/F transients were quite similar.
Using an arbitrary cutoff (half-durations no more different than twofold), we divided the transients into two groups. For the 28 of 39 "normal" cases, half-durations were similar for synaptic and AP stimuli and highly correlated ( 1/2_syn of 600 Ϯ 300 ms; sAP of 610 Ϯ 360 ms; r ϭ 0.65, p Ͻ 0.005). In the remaining 11 cases, the synaptic 1/2 was Ͼ1500 ms and often too slow to be determined. Although the underlying mechanism remains to be elucidated, a subpopulation of these "slow spines" displayed a high degree of spontaneous activity (Egger et al. 2003) , which appeared to be enhanced after synaptic stimulation and which contributed to the slow kinetics of averaged Ca 2ϩ signals.
Low-threshold calcium spike
In addition to individual spine responses, larger glomerular EPSPs were often accompanied by widespread Ca 2ϩ influx in both dendrites and spines (n ϭ 48 cells) (Fig. 3 A, C) . Several observations suggested that an active event caused this signal, presumably an LTS (Huguenard, 1996) , the signature of which has been observed previously at the GC soma (Egger et al., 2003; Pinato and Midtgaard, 2003) .
(1) The Ca 2ϩ influx was all-or-none in nature. We frequently observed near-threshold EPSPs in which trial-by-trial variations resulted in stochastic generation of calcium influx (n ϭ 17 cells) (Fig. 3B) . Moreover, (⌬F/F ) LTS signals did not increase gradually with the EPSP amplitude but with a discontinuous step (Fig. 3B,  bottom) .
(2) Compared with EPSPs subthreshold for the LTS signal, suprathreshold EPSPs in the same cell and at the same stimulation intensity were significantly broader (half-duration of 84 Ϯ 37 vs 66 Ϯ 32 ms; n ϭ 13 cells; p Ͻ 0.001) and larger (34 Ϯ 8 vs 23 Ϯ 5 mV; n ϭ 13; p Ͻ 0.001), indicating the activation of voltage-dependent channels (Fig. 3F ) . However, such a differentiation was less obvious across cells because the distributions for sub-and supra-LTS-threshold EPSP amplitudes and halfdurations overlapped considerably (Fig. 3E) .
(3) Similar to sAP-evoked calcium transients (Egger et al., 2003) , (⌬F/F ) LTS signals were of equal amplitude in dendrites and spines when spines were not also directly synaptically activated (mean amplitude of spines, 23 Ϯ 16%; average ratio of spine/dendrite, 1.05 Ϯ 0.49; n ϭ 80). This observation also provided an additional criterion to differentiate between global and local signals, as illustrated in Figure 3D , because local synaptic signals were localized to spines.
The properties of low-threshold Ca 2ϩ spikes (Miyakawa et al., 1992; Markram and Sakmann, 1994; Wei et al., 2001 ) make the (⌬F/F ) LTS a likely candidate for AP-independent lateral inhibition (Isaacson and Strowbridge, 1998 ) (see Discussion). However, although regional subthreshold signaling has been long suggested in GCs as a substrate for local lateral inhibition (Woolf et al., 1991b; Woolf and Greer, 1994; Isaacson and Strowbridge, 1998) , we never observed the calcium spike signal (⌬F/F ) LTS to be restricted to a small dendritic region or dendritic branch only, in contrast to other low-threshold Ca 2ϩ spikes (Eilers et al., 1995; Wei et al., 2001 ). Instead, like the sAP-evoked calcium transients Egger et al., 2003) , (⌬F/F ) LTS appeared throughout all areas of the dendritic tree of examined GCs, indicating that it was global in nature (Fig. 3 A, C) .
The amplitudes of (⌬F/F ) LTS were robust but, on average, smaller than sAP-evoked responses (⌬F/F ) sAP in the same dendritic location (22 Ϯ 17 vs 42 Ϯ 25%; n ϭ 137; p Ͻ 0.001) (Fig.  3C) . The time course of (⌬F/F ) LTS Mechanism of low-threshold calcium spike Low-threshold calcium spikes are mediated by T-type calcium channels (T-channels) (Huguenard, 1996) . Previous experiments have shown that T-channels are present in both GC dendrites and spines, as reflected in a considerable voltage dependence of sAP-evoked Ca 2ϩ transients and strong Ca 2ϩ entry in response to subthreshold depolarizations above Ϫ40 mV (Egger et al., 2003) . Moreover, the T-channel antagonist mibefradil blocks low-voltage-activated (LVA) signals in GCs (Egger et al., 2003; Pinato and Midtgaard, 2003) . Indeed, in our present study, mibefradil (10 M) blocked (⌬F/F ) LTS similarly in dendrites and spines (16 Ϯ 11 and 9 Ϯ 8% of control; n ϭ 8 and n ϭ 6; p Ͻ 0.01 and p Ͻ 0.025) (Fig. 4 A, B) . In general, (⌬F/F ) LTS in mibefradil was too small to measure its rise time. This treatment also reduced the half-duration of large EPSPs that mediated (⌬F/F ) LTS (81 Ϯ 41 vs 53 Ϯ 38 ms; n ϭ 5; p Ͻ 0.05). Mibefradil had no significant effect on the amplitude of LTS EPSPs (94 Ϯ 10% of control; n ϭ 5). Similar to our previous findings (Egger et al., 2003) , mibefradil reduced transients attributable to somatically evoked APs (⌬F/F ) sAP to ϳ50% of control.
Global Ca 2ϩ spike signals (⌬F/F ) LTS were also reduced by NMDA-R blockade (50 M APV; 58 Ϯ 12% of control; n ϭ 9 dendrites and spines; p Ͻ 0.005) (Fig. 4C,D) . Although the EPSP amplitude was not changed by APV (99 Ϯ 11% of control; see also below), its duration was reduced to 41 Ϯ 12% (n ϭ 6). Therefore and because the Ca 2ϩ spike was entirely blocked by T-channel blockers, NMDA-Rs most likely contribute extended depolarization and thus more Ca 2ϩ influx via T-channels but little direct Ca 2ϩ to (⌬F/F ) LTS in the dendrite.
Sources of calcium for local synaptic signals
NMDA receptors are a principal pathway for synaptic Ca 2ϩ influx in spines of hippocampal and cortical pyramidal neurons (Köster and Sakmann, 1998; Kovalchuk et al., 2000; Nevian and Sakmann, 2004) and are known to be present at the M/TC-GC synapse (Trombley and Shepherd, 1992; Isaacson and Strowbridge, 1998; Sassoe-Pognetto and Ottersen, 2000) . Application of APV (50 M) reduced the synaptic Ca 2ϩ influx into GC spines to 51 Ϯ 17% of the mean (⌬F/F ) syn amplitude (n ϭ 9 spines; p Ͻ 0.002) (Fig. 5A-C) . There was no effect on (⌬F/F ) sAP in the same set of spines (97 Ϯ 20% of control). In most of our experiments (11 of 13), the application of 50 M APV did not decrease the EPSP amplitude (Fig. 5B) , allowing us to exclude a decrease in M/TC stimulation efficiency; only those experiments were considered for analysis of the calcium signal (EPSP amplitude, 97 Ϯ 11% of control; p Ͼ 0.2; n ϭ 11). A contribution of the NMDA-R conductance to the EPSP was indicated by a significantly faster decay of the EPSPs in APV compared with control (99 Ϯ 53 vs 38 Ϯ 13 ms, or 43 Ϯ 12% of control; n ϭ 11; p Ͻ 0.002) (Fig. 5B) . APV also sped up the rise time of (⌬F/F ) syn to 63 Ϯ 33% of control ( p Ͻ 0.05; n ϭ 6 spines), whereas it had no effect on the rise of (⌬F/F ) sAP in the same spines (106 Ϯ 21%). These observations indicate that the NMDA-R conductance participates in slowing the time course of synaptic Ca 2ϩ transients relative to sAP-evoked events.
Interestingly, in the presence of APV, synaptic calcium transients were still localized to the spine (Fig. 5A) . One possible local synaptic Ca 2ϩ source is release of Ca 2ϩ from internal stores (Finch and Augustine, 1998; Takechi et al., 1998; Emptage et al., 1999) . There is morphological evidence for the localization of the requisite cellular organelles in most GC spines (Woolf et al., 1991a) . To investigate the possibility that stores might contribute to GC spine calcium transients, we applied 10 M thapsigargin, which depletes internal stores, to the bath while continuing stimulation of the GC input. After 10 min of this treatment, the amplitude of (⌬F/F ) syn was stably reduced to 57 Ϯ 21% of control (n ϭ 5; p Ͻ 0.05) (Fig. 6 A, B) , although there was no consistent effect on its rise time (86 Ϯ 23% of control). There was a small effect on the amplitude of (⌬F/F ) sAP in the same spines (78 Ϯ 8% of control). Thapsigargin did not change the EPSP amplitude (102 Ϯ 8% of control; n ϭ 5) (Fig.  6 A, B) , indicating that the drug acted postsynaptically on GC Ca 2ϩ signals rather than by inhibiting M/TC stimulation or release. Nor was the thapsigargin effect attributable to an increase in baseline fluorescence (F 0 , 99 Ϯ 27% of control; n ϭ 7), excluding a rise in basal Ca 2ϩ levels as the mechanism of action. Therefore, we conclude that release from internal stores contributes to local synaptic Ca 2ϩ signals in GCs.
What triggered release from calcium stores in GC spines? Application of 50 M APV and 100 M Ni 2ϩ completely blocked the synaptic Ca 2ϩ transient in all spines examined [7 Ϯ 10% of control; mean (⌬F/ F ) syn , 2 Ϯ 3%; n ϭ 5; p Ͻ 0.05;
2 test] (Fig. 5 B, D) , although it had little effect on the corresponding EPSP amplitudes (80 Ϯ 16% of control; p Ͼ 0.09) (Fig. 5 B, C) . Thus, internal stores are activated via calcium-induced calcium release (CICR) rather than via the metabotropic glutamate receptor/IP 3 pathway. This manipulation also showed that other possible ligandgated sources of synaptically gated calcium, in particular calcium-permeable AMPA receptors, play no significant role.
For spines of cultured hippocampal neurons, it has been suggested that CICR carries most of the Ca 2ϩ signal and is triggered by an NMDA-R-mediated Ca 2ϩ signal too small for detection (Emptage et al., 1999) . Could the APV-sensitive component of the Ca 2ϩ transient in GC spines be attributable to NMDA-R triggered CICR rather than direct NMDA-R mediated Ca 2ϩ entry? In the continued presence of thapsigargin, APV reduced (⌬F/ F ) syn to 41 Ϯ 16% of its amplitude in thapsigargin alone (n ϭ 4). Thus, calcium entry through NMDA-R channels contributes to GC spine signals directly and not just through CICR. The net effect of coapplied thapsigargin and APV (10 and 50 M, respectively) was a block of (⌬F/F ) syn to 29 Ϯ 13% of control (n ϭ 6; p Ͻ 0.05; Mann-Whitney test) (Fig. 6C ). There was no significant effect on (⌬F/F ) sAP in the same spines (84 Ϯ 30% of control; n ϭ 5) or on the EPSP amplitude (96 Ϯ 25% of control). The remaining (⌬F/F ) syn signal represents a direct contribution via Ni 2ϩ -sensitive [high-voltage-activated and LVA] VDCCs.
Because VDCCs are present on the dendrite as well as the spine (Egger et al., 2003) , their participation in transients localized to the spine head implies that the depolarization opening them is restricted to the spine as well. This localization of depolarization could be attributable to a (passive) gain in voltage and subsequent attenuation via the spine neck resistance (Rall and Rinzel, 1973; Brown et al., 1988; Tsay and Yuste, 2004) : The mean neck length as estimated from frame scans 128 ϫ 128 pixels in size (10 ϫ 10 m) was 2.6 Ϯ 1.3 m (n ϭ 19) (data similar to that of Woolf et al., 1991a) . Thus, the spine neck resistance of large granule cell spines may be considerably higher than that of the shorter spines of pyramidal or Purkinje cells (Svoboda et al., 1996 ) (see Discussion).
Spine voltage boosting could be particularly important in GC spines because of the presence of T-type calcium channels (Egger et al., 2003) , which are activated at relatively low voltages. To test the contribution of T-channels to local synaptic Ca 2ϩ transients, we applied mibefradil (10 M). This manipulation reduced (⌬F/ F ) syn amplitudes to 71 Ϯ 10% of control (GC at resting potential of approximately Ϫ70 mV before stimulation; p Ͻ 0.05; n ϭ 5), although it had no discernible effect on the rise times of (⌬F/F ) syn (101 Ϯ 22%) or (⌬F/F ) sAP (103 Ϯ 33%) (cf. Egger et al., 2003) . Because coapplied APV and thapsigargin block more of (⌬F/ F ) syn than APV alone (ϳ70 vs ϳ50% reduction), Ca 2ϩ entry through VDCCs could also contribute to CICR. Which VDCCs? The global LTS Ca 2ϩ signals invade GC spines and are mediated by T-channels. Whereas thapsigargin (10 M) had some effect on (⌬F/F ) sAP (78 Ϯ 8% of control; n ϭ 4), which is carried by HVA and T-channels, it had no effect on (⌬F/F ) LTS (97 Ϯ 18%; n ϭ 3 cells), which is carried by T-channels alone. Together, these data suggest that T-channels are not likely to contribute substantially to synaptically evoked CICR.
Voltage dependence of synaptic signals in responsive spines
To elucidate the role of VDCCs versus NMDA-Rs for local synaptic Ca 2ϩ signals, we varied the membrane potential of the GC within sub-AP-threshold ranges (resting potential, Ϫ72 Ϯ 3 mV; n ϭ 24). If there was indeed a local spine voltage boost in GC spines and most of the Ca 2ϩ entry was carried by VDCCs, synaptic Ca 2ϩ signals should be reduced by both hyperpolarization and depolarization because hyperpolarized holding potentials will prevent VDCC activation and depolarized potentials will inactivate VDCCs. NMDA-R-mediated Ca 2ϩ entry, however, should also be blocked by hyperpolarization but increase with depolarization. We demonstrated previously that somatically applied polarization propagates faithfully into the GC dendrite (Egger et al., 2003, their Fig. 4C ).
Hyperpolarization to Ϫ80 to Ϫ90 mV produced a pronounced inhibition of synaptic transients (⌬F/F ) syn in all cells (n ϭ 9 spines in 7 cells; p Ͻ 0.001; Kruskal-Wallis test) (Fig. 7) . Although there was an increase in somatic EPSP amplitudes with hyperpolarization, it did not entirely compensate the voltage drop induced by hyperpolarization (Fig. 7A) . The inhibition of (⌬F/F ) syn by hyperpolarization can be interpreted as a failure to create sufficient AMPA-R-mediated depolarization to activate VDCC channels or relieve Mg 2ϩ block of NMDA-Rs. Depolarization to Ϫ60 to Ϫ50 mV revealed no increase in calcium transient amplitudes, contrary to what would be expected for exclusively NMDA-R-mediated signals. Instead, a plateau was observed (Fig. 7) . The plateau was not attributable to an increased baseline fluorescence, because the average F 0 did not change significantly with voltage (average F 0 in Ϫ60 to Ϫ50 mV interval, 106 Ϯ 22% of control at Ϫ70 mV; n ϭ 22 measurements in 9 spines; see Materials and Methods). Thus, the voltage dependence of synaptic transients in GC spines is consistent with the idea that both NMDA-Rs and VDCCs contribute to spine Ca 2ϩ signals, with partial inactivation of VDCCs possibly balancing increased NMDA-R contribution at more depolarized potentials.
Cooperation of local and global mode of activation
To examine interactions of global and local calcium signals at individual spines, we took advantage of the stochasticity of both of these signals at many spines. Figure 8 A shows a set of individual trials representing the four possible responses in the same single spine: no activation, i.e., failure of local synaptic activation and no global LTS (00); local synaptic release and no global activation (10); synaptic failure and global activation (01); and both local and global synaptic activation (11). The occurrence of the global LTS signal, (⌬F/F ) LTS , was always clearly marked by dendritic activation and a larger, broadened EPSP. The average local and LTS-mediated signals were similar in size, although the com- The dashed line corresponds to linear summation. C, Averaged spine versus adjacent dendrite ⌬F/F amplitudes of local synaptic activation (gray diamonds; n ϭ 39, including the 12 summation spines), LTS activation (white circles; n ϭ 80), and spines with combined activation (F; n ϭ 24, including the 12 summation spines).
bined activation was significantly larger: 10, 34 Ϯ 10%; 01, 33 Ϯ 13%; 11, 74 Ϯ 26% (n ϭ 12 spines; 10 or 01 vs 11, p Ͻ 0.002). The ratio of the combined signal (⌬F/F ) 11 to the sum of the individual components [(⌬F/F ) 10 ϩ (⌬F/F ) 01 ] in a spine was 1.11 Ϯ 0.16 (n ϭ 12 spines) (Fig. 8 B) . Thus, the Ca 2ϩ signals attributable to synaptic and global activation summate approximately linearly within the spine. In other active spines, we always observed a global LTS Ca 2ϩ signal. In these spines, the dendritic component and a similar fraction of the spine component were attributable to the Ca 2ϩ spike, as described above (spine, 74 Ϯ 30% ⌬F/F; dendrite, 25 Ϯ 14% ⌬F/F; n ϭ 12) (Fig. 8C) .
Discussion
Local and global subthreshold calcium signaling These results provide the first direct documentation of the mechanisms of synaptically evoked dendrodendritic calcium signals in olfactory bulb granule cells, an axonless cell type with dendrites that act as both presynaptic (transmitter-releasing) and postsynaptic (transmitter-receiving) elements. We observed two forms of AP-independent calcium signaling with very different properties.
(1) Local Ca 2ϩ transients were strictly confined to individual activated spines and were carried by NMDA-Rs, VDCCs, and release from internal stores. (2) Global LTS encompassed the entire dendritic tree and were mediated by T-type Ca 2ϩ channel activation (see supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). These two signals provide strong candidate mechanisms for the two principal AP-independent circuit functions of olfactory bulb GCs, M/TC self inhibition and M/TC lateral inhibition (Jahr and Nicoll, 1982; Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Shepherd and Greer, 1998) . Consistent with their differing sources, global and local signals interacted quasi-independently within individual spines. Thus, we also observed a third distinct GC activation mode, defined by the coincidence of local and global signals.
Spine transients: chemical and electrical compartmentalization?
Synaptic Ca 2ϩ transients in GC spines attributable to M/TC inputs were highly localized to the spine head. We previously observed spontaneous synaptic transients in GC spines that might have arisen from either M/TC or else centrifugal synapses (Egger et al., 2003) . Here, using glomerular stimulation, we mimicked the sensory-activation pathway, thus establishing that localization is characteristic for M/T cell input to GCs. Because the shorter spines of other neuronal classes show less compartmentalization under similar conditions (Yuste and Denk, 1995; Köster and Sakmann, 1998; Kovalchuk et al., 2000; Nevian and Sakmann, 2004) , this property may be attributable to the long neck of GC spines (our unpublished data) (Woolf et al., 1991a) . The strict localization demonstrates that, assuming that these transients are sufficient for release, M/TC self-inhibition exists in a pure form in which a local reciprocal microcircuit is activated without any lateral spread.
The function of such pure self-inhibition, which appears unique to GCs, is yet unclear. It is worth noting that the reciprocal microcircuit presents a more diverse set of mechanisms for dynamically regulating the strength of negative feedback compared with simple cell-autonomous inhibitory mechanisms (e.g., Ca 2ϩ -activated K ϩ channels). In the olfactory system, this negative feedback could be enhanced, for example, via centrifugal activation of large GC spines (Price and Powell, 1970) . However, persistent top-down excitation of GCs could also result in disinhibition of M/TCs via inactivation of GC T-type Ca 2ϩ channels (see below) (Egger et al., 2003) . In either case, top-down regulation of M/TC self-inhibition could thus be used to create "search images" or templates for certain relevant odors: by promoting inhibition or excitation of certain groups of M/TCs. Spine Ca 2ϩ transients were carried by a variety of sources, including NMDA-Rs, VDCCs, and CICR, but not Ca 2ϩ entry through AMPA-Rs entry (cf. Jardemark et al., 1997) . According to our data, CICR is triggered by Ca 2ϩ entry via both NMDA-Rs and VDCCs. Although the respective roles of these diverse signals remain to be elucidated, it is an interesting possibility that separable functions are achieved, perhaps via microdomains within the spine. The fact that localization to the spine head was observed even for the VDCC-mediated component of the spine calcium signal was surprising, because we knew from previous work that similar complements of VDCCs are present on both GC dendrites and spine (Egger et al., 2003) . For VDCC-mediated Ca 2ϩ signals to remain localized, there needs to be not only chemical compartmentalization but also electrical compartmentalization; otherwise, synaptic depolarization would also activate dendritic VDCCs. Although it is possible that VDCCs in spines have lower activation voltages than VDCCs in dendrites, we observed no consistent differences in the kinetics or amplitudes of spine and dendritic Ca 2ϩ transients produced by APs (Egger et al., 2003) or step depolarization to Ϫ40 mV (V. Egger and Z. F. Mainen, unpublished observations). Thus, localization of depolarization is most likely attributable to the high input impedance and low neck conductance of the spine relative to the size of the synaptic conductance (Rall and Rinzel, 1973; Brown et al., 1988; Tsay and Yuste, 2004) . The intriguing question remains whether a similar degree of isolation holds for the subset of small GC spines that receive mostly centrifugal input (Price and Powell, 1970) .
Local activation of HVA (N/P/Q-type) channels in selfinhibition (Isaacson, 2001) would imply a relatively large spine voltage transient, perhaps even a regenerative event, i.e., a "spine spike" (Shepherd and Brayton, 1987; Segev and Rall, 1988; Softky, 1994; Tsay and Yuste, 2004) . However, because feedback inhibition works also independently of Na ϩ channels (Jahr and Nicoll, 1982; Isaacson and Strowbridge, 1998) , such spine spikes would correspond to regenerative Ca 2ϩ spikes and would not necessarily involve sodium APs.
Low-threshold spike: a novel subthreshold global "presynaptic" signal In this study, we documented a novel subthreshold mode of Ca 2ϩ signaling between different GC spines, a global LTS. Like APevoked Ca 2ϩ signals (Egger et al., 2003) , the LTS was all-or-none in nature. The LTS signal was of a similar magnitude to APevoked Ca 2ϩ signals, and, like the AP-evoked signal, the LTS spread globally throughout the dendrites, similar to observations in turtle olfactory bulb GCs by Pinato and Midtgaard (2004) . Thus, the LTS represents a putative "presynaptic" signal that we propose to underlie AP-independent lateral inhibition between M/TCs. We saw no evidence for the regionally localized Ca 2ϩ signals described in some cell types (Eilers et al., 1995; Schiller et al., 1997; Wei et al., 2001 ) and proposed for GCs on theoretical grounds (Woolf et al., 1991a; Woolf and Greer, 1994) ; in our experiments, LTS-mediated lateral inhibition was never spatially restricted to subregions of the GC dendrite. However, regional LTS signals might be produced under different conditions, for example, shunting by ongoing synaptic input to GCs (Koch et al., 1982) , different in vivo activation patterns, modulation by centrifugal input, or developmental changes of network properties.
Yet another type of regional Ca 2ϩ signal, perhaps attributable to spatially restricted Na ϩ spikes (spikelets) (Wellis and Scott, 1990; Luo and Katz, 2001; Pinato and Midtgaard, 2004) , has been observed in frog olfactory bulb GC dendrites (K. Delaney, personal communication).
T-channels mediate all of the LTS-mediated and ϳ30% of the local synaptic Ca 2ϩ signal (this study), as well as ϳ50% of sAPmediated Ca 2ϩ signals (Egger et al., 2003) . Unlike in other T-channel-bearing neurons such as thalamocortical relay cells, T-channels appear to play less of a role in sculpting GC firing properties (Egger et al., 2003) . We suggest that T-channelmediated Ca 2ϩ transients may represent sufficient signals to evoke vesicular release (cf. Egger et al., 2003) . So far, T-channels have only been implicated in synaptic release in the retina (Pan et al., 2001) . Direct confirmation of this proposal will require monitoring measurement of GC release in conjunction with imaging experiments, a procedure that has proven technically difficult because of the low incidence of GC-M/TC synapses (Egger et al., 2003) .
Insofar as T-type Ca 2ϩ channels contribute to GC-mediated lateral inhibition in the olfactory bulb, they could provide a mechanism for controlling the gain of GC output via persistent input, or the slow, respiration-related oscillations within the olfactory bulb (Macrides and Chorover, 1972) , similar to the previously proposed role for T-channels in the global GC sAPmediated Ca 2ϩ signal (Egger et al., 2003) . These mechanisms would imply a role for T-channels in gating the entry of olfactory information to the cortex, analogous to the role they play in thalamocortical relay cells (Huguenard, 1996) .
Independent GC Ca
2؉ signaling modes: coincidence detection? In cortical and hippocampal pyramidal cells, backpropagating action potentials (Magee and Johnston, 1997; Markram et al., 1997) and distal dendritic calcium spikes (Golding et al., 2002) can cooperate with local synaptic activity in the induction of long-term plasticity. Interestingly, our results indicate that subthreshold coincidence detection could also be performed by local and global Ca 2ϩ signals in GC spines. Consistent with their mostly distinct sources, these Ca 2ϩ signals acted quasiindependently. That is, we observed approximately linear summation of local and global subthreshold synaptic signals in the GC spine (Fig. 8) . The apparent linearity could rely on a balance of increases and decreases attributable to coincidence of signals: Ca 2ϩ influx via NMDA-Rs increases attributable to the depolarization provided by the global signal (Schiller et al., 1998) , whereas the contribution of VDCCs decreases because of inactivation and competitive activation by both pathways. The marked increase of Ca 2ϩ influx attributable to subthreshold coincident global and local (i.e., presynaptic and postsynaptic) activation of a GC spine would represent a novel mechanism for Hebbian synaptic plasticity within the spine microcircuit.
